Starting with crystalline silicon nanoparticles, which were produced by CO 2 laser pyrolysis of silane in a gas flow reactor, we have synthesized amorphous silica nanoparticles via oxidation. Upon excitation with UV light, the novel nanostructured material gives rise to an intense red photoluminescence (PL) which resembles that of some silicon nanostructures. Transmission electron microscopy studies and electron energy loss spectroscopy confirm that the nanoparticles are composed of amorphous silica and that the majority of them are hollow. The strong red PL is attributed to defects or molecular species located at the inner and outer surfaces of the hollow nanoparticles. Its similarity to the PL of nanostructured silicon seems fortuitous.
During the last ten years, the synthesis and characterization of nanosized structures has become an increasingly active field of science [1] . It has been found that the physical properties of individual nanoparticles can be very different from those of their bulk counterparts. Particular attention has been devoted to the study of crystalline silicon nanostructures [2, 3] as this material is of great importance for the microelectronics industry. Moreover, due to their strong visible photoluminescence (PL) [4] , silicon nanocrystals (ncSi) may play a major role in the realization of a new generation of optoelectronic devices.
For several years, we have studied the PL properties of crystalline silicon nanoparticles produced by CO 2 -laserinduced pyrolysis of silane. These studies have shown that the PL characteristics (peak position, bandwidth, lifetime, and efficiency) depend on the nanoparticle size and that they can be fully explained as resulting from quantum confinement [5] [6] [7] . It appeared that freshly prepared samples did not show any PL because the dangling bonds at the surface of the nanoparticles inhibit radiative recombination. In order to observe the photoluminescence, we had to wait a few days until sufficient natural oxidation had occurred, and, with progressive time, the PL signal became more and more intense [6] . In the same study, we were able to show that the natural oxidation in air is a selflimiting process, a result which was obtained before by high resolution TEM analysis [8] . In agreement with theoretical predictions [9] , we also found that, for crystallite sizes above 5 nm, the particles were too large to exhibit visible PL [10] , the emission occurring in this case in the infrared spectral range. Thus, to achieve bright visible photoluminescence, we have to produce Si nanoparticles with crystalline cores smaller than 5 nm which are surrounded by a well-established layer of silicon oxide.
The photoluminescence of nanocrystalline silicon can be explained by the radiative recombination of the electronhole pairs generated in a quantum-confined system. The 0957-4484/04/030001+04$30.00 © 2004 IOP Publishing Ltd Printed in the UK L1 main argument in favour of this interpretation, that has been adopted by many investigators, is that similar size effects were observed in silicon nanostructures irrespective of the kind of surface passivation (hydrogen or oxygen passivation) [11] . Nevertheless, some authors propose other explanations for their observations [12] . According to them, the light emission might be explained as arising from amorphous hydrogenated silicon, siloxene molecules, defects, surface states, or nonbridging oxygens (NBOs). In this respect, it is interesting to note that the red photoluminescence observed by Glinka et al [13] [14] [15] from mesoporous silica and silica nanoparticles and showing certain similarities with the PL of surface-oxidized silicon nanocrystals is attributed to NBOs. Therefore, these authors suggest that the strong visible PL of nanocrystalline silicon could also be due to non-bridging oxygens.
Starting from non-luminescent silicon nanoparticles with diameters around 12.5 nm as determined by TEM analysis, we have recently explored the possibility of accelerating the natural oxidation by artificial methods with the goal of reducing the size of their crystalline cores and obtaining visible-light-emitting nanopowder. The procedure turned out to be quite successful as far as the light emission is concerned. However, the structural analysis revealed that, by this procedure, the silicon nanoparticles were transformed into a quite different material, namely hollow nanoparticles of silica. Thus, it appears that the strong visible PL in this nanostructured material must be due to a mechanism other than quantum confinement. The issue of the ultrasound-assisted transformation process will be treated in a forthcoming paper.
Since the apparatus has been described in detail elsewhere [5, 7] , we give here only a short account of the part which is related to the synthesis of the silicon nanopowder. Silicon nanoparticles are produced by laserinduced decomposition of silane (SiH 4 ) in a gas flow reactor. For this purpose, the radiation of a pulsed CO 2 laser is focused into the flow reactor to interact with the SiH 4 molecules which will eventually dissociate. In this way, a saturated vapour of silicon atoms at elevated temperature ( 1300 K) is produced giving rise to condensation and subsequent growth of silicon clusters and nanoparticles. While only a minor part of the clusters and nanoparticles is extracted through a small conical nozzle into a high vacuum chamber to form a molecular beam of freely propagating silicon nanocrystals [16] , most nanoparticles produced during the CO 2 laser pulse are pumped away through a funnel and collected in a filter mounted outside of the apparatus. It is important to note that these particles are always larger than the ones extracted through the nozzle since their residence time in the laser-heated reaction zone is much larger. At the same time, their size distributions are also considerably broader. However, it is possible to collect many more particles in the filter than are deposited in the beam. In the present study, we will concentrate on the Si nanoparticles collected in the filter, also referred to as silicon nanopowder. The flow reactor conditions are summarized here: flow of silane: 30 sccm; flow of helium: 1100 sccm; total pressure: 330 mbar; CO 2 laser line: 10 µP28 (936.8 cm −1 ); laser energy: 40-45 mJ/pulse; pulse length: 20 ns, repetition rate 20 Hz. The typical collection time was 7 h. Thus, with a productivity of 7-8 mg h −1 , we collected approximately 50 mg of nanopowder per experiment. After preparation, the filter was exposed to air, and the silicon nanoparticles were scratched off from the filter and stored in a small vial.
As discussed in a previous paper [6] , just after preparation, the Si nanocrystals collected in the beam do not exhibit any visible photoluminescence. The same is true for the nanopowder collected in the filter. However, in some cases, we were able to observe PL from such filters after a storage time of six months or even more. This indicates that the fresh nanopowder is either not yet well passivated (and still has dangling bonds or other defects) or the nanocrystals are too large to exhibit PL in the visible. In order to achieve a faster oxidation or to reduce the size of the nanocrystals by other means so that their PL is shifted into the visible, we have explored various chemical treatments ranging from oxidation at elevated temperature to HF etching. Here we report on a highly reproducible treatment which transforms within a rather short time the initially dark (non-luminescent) silicon nanopowder into a strongly visible-light-emitting material.
The following processing is applied to freshly prepared Si nanopowder collected in the filter. The brown powder of silicon nanoparticles obtained in a single run (∼50 mg) is dispersed in 2-3 cm 3 of distilled water. Then the dispersion is placed for 1 h into an ultrasonic bath. The ultrasound treatment results in the disintegration of nanoparticle agglomerates and finally yields an almost transparent, sometimes slightly beige viscous solution. After this first treatment, the small vessel is left for two days without any further treatment. Finally, the open vessel, loosely covered by aluminium foil, is put into a simple non-evacuated oven and heated to 120-140
• C until all water is evaporated.
The qualitative result of this treatment, which may be called 'artificial oxidation', is that the powder appears completely white under sunlight illumination. A photo of the as-obtained powder is shown in figure 1(a) . When the powder is illuminated by the light of a laboratory UV lamp (λ = 254 nm) a very strong luminescence is observed as is shown in figure 1(b) . Thus, it appears that our treatment has a drastic influence on the PL properties of the originally non-luminescent silicon nanoparticles. Moreover, it should be mentioned that its visual emission very much resembles that of silicon nanoparticles with approximately 3.5 nm diameter which exhibits the highest PL efficiency [5] .
To investigate the PL characteristics in more detail, we have employed a dedicated PL spectrometer [7] . The response of the processed powder excited by the fourth harmonic of a Nd:YAG laser (266 nm) has been measured using a l-N 2 -cooled photodiode whose sensitivity extends up to 1.5 µm. The result is represented in figure 2 by the solid curve. For comparison, we have plotted in the same figure the PL curve of a sample of porous silicon (p-Si) as well as one of naturally oxidized nanocrystalline silicon (nc-Si). Finally, the PL response of the as-received powder is also shown. The PL spectrum of the processed powder reveals a single broad band with a maximum at 700 nm. On the short-wavelength side, it resembles the curve observed for p-Si but it extends to larger values on the long-wavelength side. The (as-received) powder from which the new powder was synthesized shows only very weak photoluminescence (see the dotted curve). The corresponding signal is approximately 100 times weaker. Moreover, the PL maximum is shifted to larger wavelengths indicating rather L2 large silicon nanocrystals (d > 10 nm). Summarizing the PL results, we note that the PL of the processed powder resembles that of our nanocrystalline and porous silicon samples. This seems to suggest that we have successfully reduced the size of the original silicon nanocrystals, which were too large to exhibit visible PL, to a value that is compatible with visible light emission.
In order to verify this observation and to obtain a better understanding of the structure and composition of the processed powder, we have carried out transmission electron microscopy (TEM), high resolution transmission electron mi- croscopy (HREM), selected area electron diffraction (SAED), and electron energy loss spectroscopy (EELS) including the energy loss near-edge fine structure (ELNES) [17] . The TEM measurements were performed with a conventional JEM 1010 microscope operated at 100 kV whereas, for high resolution, a JEM 4010 device operated at 400 kV, and for EELS/ELNES a CM20 FEG equipped with a Gatan GIF spectrometer were employed.
Structural characterization of the processed powder by TEM as shown in figure 3 reveals that it consists of hollow nanoparticles of spherical shape with outer diameters between 10 and 25 nm and a shell thickness of about 4 nm. SAED (not shown here) and HREM reveal no indication of crystallinity in these hollow nanospheres, i.e., they are completely amorphous. This can also be deduced from figure 4 which shows as a typical example a HREM image together with the corresponding diffractogram (FFT) of the processed powder. The absence of lattice plane fringes in the former and the broad diffuse ring in the latter are characteristic signatures of amorphous structures.
To obtain information on the chemical composition of the novel nanostructured material, we have performed EELS measurements. The result of this study is shown in figure 5 . The upper two spectra correspond to the ELNES of the Si L 2,3 edge obtained from two different regions of the processed nanopowder. They are compared with the spectra measured for standard silica and silicon powders. This comparison clearly reveals that, in the processed powder, all silicon has been oxidized to silica. To summarize the structural characterizations, we note that, as a result of the ultrasonic treatment in water and subsequent heating, the silicon nanocrystals have been transformed into hollow SiO 2 nanoparticles.
The novel nanopowder gives rise to a strong photoluminescence which resembles that of silicon nanostructures. However, it is clear that this PL must have another origin and cannot be explained by electron-hole recombination in a quantumconfined system. In their recent studies on the optical properties of mesoporous silica, Glinka and co-workers [13] [14] [15] point out the striking similarity between the PL of mesoporous silica and that of some nanoscale silicon samples. We believe that this similarity is accidental. In several detailed studies, we have shown that the PL of our Si nanocrystals is clearly dominated by the radiative recombination of electron-hole pairs in quantum-confined systems giving rise to a strong size dependence [5, 7] . Glinka et al attribute the strong red PL bands of mesoporous silica to non-bridging oxygens (NBOs). It is tempting to ascribe the PL of our hollow silica nanoparticles also to non-bridging oxygens. However, as mentioned before, many defects in silica and various silicon-based molecular species show room temperature PL in the same wavelength range [11, 18] . Indeed, to clearly ascribe the carrier of the PL band, more detailed studies are needed. In particular, decay kinetics as well as temperature dependences of the PL will be very helpful for elucidating the nature of the photoluminescence.
In conclusion, we have succeeded in obtaining strong visible photoluminescence from originally non-luminescent silicon nanocrystals by dispersing them in water and treating them with ultrasound and moderate heat. However, these treatments have induced a transformation of the crystalline nanopowder into hollow silicon dioxide (silica) nanoparticles. The strong visible photoluminescence of the processed powder is attributed to defects or molecular species at the inner and/or outer surface of the nanostructured material whose exact nature needs to be addressed in the future. This particular property might be useful for the realization of light-emitting silica-based optoelectronic devices. Finally, the peculiar hollow structure of the silica nanoparticles could also be useful for trapping or storing molecules. Figure 5 . ELNES of the Si L 2,3 edge obtained from processed silica nanoparticles (samples 1 and 2), standard silicon powder and standard silica powder. The spectra of the processed powder are almost identical to that of the standard silica powder.
